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Acrylamide (ACR) is a chemical compound, that forms in starchy food products during cooking at high-temperatures,
including frying, baking, and roasting. ACR is a known lethal neurotoxin. The presented review suggests that the
mechanism of ACR’s neurotoxicity may be related to an impaired cholinergic transmission in the central and peripheral
nervous system and redox imbalance. These may not only affect ongoing brain functions but also participate in etiology
of neurodegeneration.
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INTRODUCTION

Despite many years of research, acrylamide (ACR) has an
influence on the central-peripheral distal axonopathy and
remains poorly understood. Based on accumulating evidence, it
is possible that the disorder of elemental homeostasis represents
an important component of the mechanism of ACR’s
neurotoxicity. The mechanism of ACR’s neurotoxicity may be
related to an impaired cholinergic transmission in the central and
peripheral nervous system and a redox imbalance. These may
not only affect ongoing brain functions but also participate in the
etiology of neurodegeneration. This review summarizes our
current knowledge (Fig. 1) of the relationship between
acrylamide toxicity and central nervous system.
ACRYLAMIDE AS A TOXIC SUBSTANCE IN FOOD

Acrylamide (H2C=CH-CONH2) is an organic compound
with a low molecular weight (71.08 g) composed of carbon
atoms (50.69 %), hydrogen (7.09%), nitrogen (19.71%), oxygen
(22.51%).
In its original state, it is found to be a white, odourless and
crystalline substance, with a melting point of 84.5ºC and
1.122g/cm3 of density in 30ºC. Due to its relatively low
volatility, its boiling point equals 192.6ºC under 1 atm
(101.3kPa) pressure. This chemical’s nature is polar due to the
presence of functional groups. Furthermore, it is freely soluble in
water in addition to the polar solvents, namely methanol or
ethanol, while it is completely insoluble in petroleum benzine
and heptane (1). Acrylamide, as an organic compound, is quite
reactive, having conjugated dual binding and a part of amidein
its structure. Its high chemical activity is mainly due to the

presence of multiple binding with electrophilic properties. The
double binding acts as the electrophilic center which easily binds
with amino groups (-NH2) as well as with sulfhydryl’s amino
acids (-SH), peptides and proteins. Furthermore, ACR is able to
create some degree of hydrogen binding through the presence of
the urea nitrogen group (2). Acrylamide reacts in various ways
with some organic compounds with the amido and vinyl groups
participate. These are, among others, the nucleophilic addition or
Dielsa-Adler’s reactions. Like other vinyl group’s, ACR could
be responsive to Michel’s addition (3). The above-mentioned
compound demonstrates low acidity as well as low alkalinity
properties. Due to the amide moieties, ACR reacts in the
processes such as hydrolysis, dehydration, alcoholysis and the
reaction of aldehyde’s condensation (4). Acrylamide undergoes
the ultraviolet radiation, and polymerizes. It is found to be stable
kept at room temperature until removed in a cool, dark place.
This organic compound is formed not only during the heat
treatment of food products containing starch and carbohydrates,
but also during high temperature meat frying (5-7).
The research into mechanisms of ACR’s formation entered a
new era when it was discovered that it is formed when
asparagina’s amino acid’s reacts with reducing saccharides (7). It
demonstrated that ACR can be found in food consisting of the
nitrogen or oil compounds which is heat-treated at 120ºC. The
most probable process, which leads to the ACR’s formation, is
associated with the production of acrolein, which is produced as
a result of glycerol’s thermal decomposition followed by
acrolein’s oxidation with acrylic acid. The acrylic and acrolein
can be produced from fat released triglycerides, which are
composed from food frying processes (6, 7). Furthermore, The
International Agency for Research on Cancer (IARC) has
classified ACR into 2A groups as a carcinogenic and mutagenic
substance (8, 9). The carcinogenic potential is demonstrated only
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•

effects on nerve energy metabolism

•

influence on ion balance

•

Inhibition of axonal transport by binding to
microtubules

•

binding with rich in cysteine receptor’s proteins which
in turn take part in a presynaptic release of
a neurotransmitter (a component sensitive to
N-ethylmaleimide), membranous reuptake
(membranous dopamine’s transporter) and vesicular
neuroconduction (vesicular moanine’s transporter).
It causes a disturbance of a neuroconduction and a
nerves function which ultimately leads to
morphological changes such as for example axons
swelling and biochemical changes such as a Na+/K+ATPase’s activity disturbance or visible neurotoxicity

•

influence on oxidative stress, influence of free radicals
on inhibition of AChE activity

•

disturbances of synaptic vesicle fusion - damage to
ultrastructure (e.g. the formation of profound
disturbances in the function of the cell membrane)
and functional changes (e.g. reduced release of
neurotransmitters)

Fig. 1. Mechanisms
leading to neurotoxicity
(28, 29, 30, 33-44, 9094, 116).

Table 1. The acrylamide’s mean content in some selected food products.
The product type
French Fries
Bakery products (bread, buns)
Cereal
Cocoa
Bistcuits/Crackers
Meat/Poultry
Beer
Coffee
in the monomer’s form and never in the polymer (10). In 2002,
The Swedish Food Administration (SFA) took a closer look at
the extremely high ACR’s content in many food products (6). It
was pointed out that ACR is also found in coffee. The highest
mean of ACR’s concentrations were found in coffee substitutes
whilst the lowest were for roasted coffee (11-14). A monitoring
study throughout Europe during 2007 – 2009 showed that instant
coffee may contain up to 4300 µg/kg of ACR (15). The ACR’s
content in some food and drinks is summarized in Table 1. Prior
research has shown that ACR may have the full capacity to
create hemoglobine’s adducts – the compounds created out of an
ACR and hemoglobin’s relation. It is the reason why they may
be used as compounds exposition’s biomarkers. The SFA and the
Stockholm University attested that the highest concentration of
ACR can be found in some deep-fried or just fried products.
As for now, a maximal limit for the ACR’s contents in food
products has not yet been specified. In accordance with the
United Union’s provisions, potable water’s maximum allowable
concentration of ACR is 0.1 µg/dm3. However, the
Environmental Protection Agency (EPA) guidelines determine

The acrylamide content
(µg/kg)
170 – 2287
70 – 430
30 – 1400
170 – 351
30 – 3200
30 – 64
30 – 70
12 – 4300
the amount to 0.5 µg/dm3 (16). The maximal ACR’s residuum in
the case of cosmetics, shall not exceed 100 µg/kg (17). Whereas,
the allowable ACR’s concentration in the production plant’s air
shall not exceed 30 µg/m3 (1).
THE ACRYLAMIDE’S METABOLISM

Many researchers have been investigating the process of
ACR formation during thermal processing of carbohydrated food
at temperatures exceeding 120ºC. They described a hypothetical
mechanism in which this compound could arise, mainly due to
some reactions occurring among amino acids and reducing sugars
in heated food (18). The hypothesis is based on the assumption
that Millard’s reactions, which result in the food’s taste, smell and
color, which are linked to a formation of ACR out of asparagine
and reducing sugars (19, 20). Based on studies conducted by
Stadler et al. (21), it was concluded, N-glycosides created as a
result of the asparagine’s reaction with reducing sugars which
lead to obtaining a considerate amount of ACR, whilst reactions
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Table 2. The value of the acrylamide’s lethal dose median for sampled lab animals (DL 50).
Animal species
Rat
Mouse
GuineaPig

The route of administration
Stomach
DL50 mg/kg
203
107
150

of glutamine and methionine produced a much lower
concentration of this compound. Implemented experiments
confirm the asparagine’s key role in the process of ACR’s
creation. The development of acrylamide from asparagine is
connected to the Millard’s reaction, including a series of reactions
leading towards various reactive intermediate products (3).
Based on the conducted rodent experiments, it was
demonstrated that ACR, which gets to the organism, not only by
an oral ingestion or airways, but also through the skin, is being is
metabolized and excreted with the urine. The ACR fate in the
organism is much more complex (22). The biotransformation and
elimination of this compound occurs in the liver. With the
participation of cytochrome P450 2E1, ACR is converted to an
epoxide form – glycidamide (16). P450 cytochrome (CYP)
belongs to the hemoprotein’s family. They play an important role
in the bioactivation and detoxification of many hazardous
substances. It is assumed that CYP1A and CYP2E mainly
metabolized the carcinogenic substances, whilst CYP3A, CYP2D
and CYP2C are mainly responsible for metabolizing drugs (23).
The acrylamide and glycidamide conjugate reactions with
glutathione (GSH). As a result of the direct conjugation reaction
of ACR with glutathione N-acetyl-S-(3-amino-3-oxypropyl),
cysteine is produced. Glycidamide could conjugate with GSH
involving the GST enzymes to N-acetyl-S- (2-carbamoyl-2hydroxyethyl) cysteine and N-acetyl-S- (3-amino-2-hydroxy-3oxopropyl) cysteines as well as enzymatic hydrolysis catalysed
by the epoxide hydrolase to dihydroxypropanamide (3).
Sorgel et al. (24) demonstrated the ACR half-life period in
an organism of 18 – 52 year-old men lasts 2 – 7 hours. It may be
the characteristic of the relatively slow elimination (excretion) of
this substance. It was demonstrated that the largest part of the
ACR is metabolized (90%), while only a small amount of it is
excreted in urine (25).
In relation to DNA, ACR demonstrates low reactivity. The
glycidamide, in turn, as a more reactive compound, has the
ability to create adduct out of DNA, which are created as a result
of Michael’s nucleophilic addictions. This is why the
glycidamide is regarded as being genotoxic. It can cause gene
mutations and chromosome defects (13, 26). Until now, the
obtained results of epidemiological studies have not provided
inconclusive proof, which would confirm the interdependency
between the ACR’s food intake and increased risk of cancer
related morbidity. However, some research on experimental
animals have demonstrated this chemical compound is
carcinogenic for many organs such as the thyroid, testicles, lungs
or skin (27). Quantitatively translating or comparing the research
results of ACR’s carcinogenic effects on animals with humans is
a rather difficult task for there are some very rodent specific
factors which influence cancerous growths in these animals. On
the other hand, there is some credible scientific evidence
confirming the ACR’s neurotoxic influence on human body.
THE ACRYLAMIDE’S NEUROTOXIC INFLUENCE

Both glycidamide and acrylamide show neurotoxic activities
(28). ACR administrated orally, intraperitoneally or by

Intraperitoneal
DL50 mg/kg
90
170
170

inhalation is found to be toxic. The compound’s toxicity
screenings were run both on animal and human models by
assessing the generated amount of adducts with hemoglobin.
The amount of DL50 and CL50 acrylamide set for lab animals is
shown in the Table 2.
Symptoms of neurotoxicity were observed during a high dose
(≥ 100 mg/kg b.w.) ACR’s administration. Fullerton and Barnes
(29) carried out an experiment where the Porton’s rat group
received a single 100 or 203 mg/kg b.w. (DL50 for female) dose
of ACR, and was administrated via the stomach. In the animals
which received the 203 mg/kg of ACR’s dose, slight tremors were
observed, which lasted about 48 hours. It was subsequently
observed that the rats either quickly recovered (2 or 3 days) or
died. The slight tremor in rats was also caused by administrating
a single 100 mg/kg ACR’s dose. By administration of the
subsequent dose during a 24 hour period resulted in general
weakness and death within three days. The persistent exposure to
ACR’s influence can cause damage to the central and peripheral
nervous system in animals as well as in humans. Human’s
prodromal signs of such a conditioninclude numbness, tingling
and ataxia (17, 30). This is linked to the damaging of the nervous
system which might result in the inhibition of both the axonal
transport and neurotransmission (27).
It would seem essential to understand the neurotoxicity’s
mechanism, for such a system has been observed not only in
animals but also in the ACR’s exposed population. There was an
accident of ACR and N-methylacrylamide’s leakage in 1997 in
Sweden, which happened during the construction of a tunnel.
Acrylamide neurotoxic influence on humans was confirmed at
that time (27). Neurological observations were made of distal
axons edema and degeneration of axons in the central and
peripheral nervous system. This was a distinctive
neuropathological characteristic change caused by ACR. This
has resulted in the qualification of an ACR caused neuropathy as
a centrally-peripheral axonopathy. Nowadays, it is considered
that nerve endings, and not axons, are the primary location of the
ACR’s activity. The research results, which were obtained out of
animal experiments, could as certain the early and progressive
degeneration of nerve endings in all of the central nervous
system (CNS) areas as well as the cerebellum’s damage of
Purkinje cells. Furthermore, it has been assessed that axons
degeneration was a secondary process (30, 31).
The brain and the great sciatic nerve’s creatine phosphokinase
(CPK) are characterized by a particular ACR’s sensitivity which
blocks its activity (32). The result of this enzyme’s inhibition is
adenosine-5'-triphosphate (ATP) deficiency in a cell which as a
consequence can result in apoptosis (33). It is worth noting that
some experimental studies proved the CPK activity in a human’s
brain is entirely inhibited by ACR. It is a proof that human’s brain
is extremely sensitive to ACR (32). The prolonged contact with
ACR may result in an irreversible CNS’s damage through
neuronal impulse inhibition (30).
Research has also been conducted into worker’s ACR’s
exposure in the work place. Workers, with an occupational
exposure on ACR at least of 0.3 mg/m3 air dose, were observed
to suffer from numbness of the arms and feet, as opposed to
workers with less than 0.3 mg/m3 air dose exposition on ACR
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(27). Acrylamide’s necessary maximum concentration levels
(NDS) is 0.05 mg/m3 of air. The binding occupational exposure
limit values (BOELVs) in EU Member States play an important
role. The European Advisory Committee on Safety and Health in
the workplace (ACSH) has adapted a legislative of BOELV’s
value of ACR’s concentration as of 0.07 ÷ 0.1 mg/m3 air. Taking
into consideration the above findings, the ACR air value equals
0.07 mg/m3. It is worth highlighting that conducted studies of
worker’s ACR’s exposure in the work place demonstrated a clear
relationship between the level of ACR’s adducts with
hemoglobin (N-(2-carbamoylethyl)-valine, AA-Hb) and the
peripheral nervous system’s symptoms occurrence (34). The
lowest concentration causing a biological effect – 0.51 nmol AAHb/g value was set for some earliest symptoms of tingling or
numbness of extremities. The above-mentioned value
corresponds to ACR 0.1 mg/m3 air concentration. This is
Poland’s prevailing ACR value at NDS (27).
ACRYLAMIDE AND THE OXIDATIVE STRESS

The oxidative stress is commonly defined as a state in which
reactive oxygen species (ROS) creation far exceeds the
antioxidants protection ability. As demonstrated based on lab
animal tests, that even small amounts of ACR cause different
organs oxidative stress (28, 35). The organism’s oxidative
protection occurs in three stages. Antioxidative enzymes, which
function as a protection from free radicals, take part in a first
phase. Scavengers which break free a radicals chain reaction,
play the main role in a second phase. Subsequently, there is a
recovery of ROS reaction with cells components in the third
phase. In addition, the regeneration of healthy cells structure
takes place (36).
Reactive oxygen species are created in many physiological
processes. This caused the organism to produce, so-called
antioxidant defense system (ADS) which protects against its
harmful effects. The antioxidant defense system plays a very
important role, which is to prevent the initiation of the oxidation
reaction, as well as to repair the prior damage. The antioxidant
defense system is comprised of free radical scavengers,
antioxidant enzymes and preventative antioxidants. The
production of free radicals is widely limited due to the valuable
system’s performance. Meanwhile, superoxide anion, hydroxyl

Fig. 2. The effect of acrylamide on
oxidative stress (41).
radicals or hydroperoxide radicals are transformed to O2 or H2O.
The non-enzymatic system, which protects against an oxidation
damage, is comprised of ascorbic acid, tocopherol, β-carotene,
flavonoids and creatinine. Endogenous compounds are comprised
of reduced GSH. This antioxidant serves many important roles,
among others it neutralizes ROS, which in turn protects some
reactive protein groups from an irreversible inactivation (37).
The reduced GSH to oxidized glutathione’s ratio is 10:1 in
the correct cytosol as well as in mitochondrion of healthy cells.
The intracellular GSH’s concentration depends on the cell’s type
and it varies between 5 – 10 mmol/l. The high GSH’s
concentration is found in the cytoplasm, the nucleus and in
mitochondrion. Whilst a lower 2 mmol/l concentration was
found in endoplasmic reticulum (38). The reduced GSH is
regarded as the most important thiol buffer where the reduced to
oxidized form ratio (glutathione/glutathione disulfide) is
considered the oxidative-reductive state’s measure. There is a
reaction between GSH and hydrogen peroxide at the time of the
oxidative stress. The above-mentioned reaction is catalyzed by
the glutathione’s peroxidase. The rise of glutathione disulfide’s
concentration is the result of such a reaction. The GSH’s
oxidized form is subsequently transformed into a GSH’s reduced
form. The reaction is catalyzed by the GSH’s reductase. The
GSH most important role is to keep thiol groups in a reduced
form which is a condition for their functional activity. GSH has
the capacity to reduce peroxides as well as to keep protein’s SH
- group amount at a correct level. This compound has been
recognized as one of the most important elements of the cell’s
antioxidant system (39). Glutathione plays the role of a sweeper
for both reactive oxygen species and electrophilic compounds.
Its participation in a signal transductiongene expression or in an
apoptosis is also regarded as a highly important function (40).
Glutathione constitutes the third line of defense. It takes part
in a damaged cell’s components repair (40). GSH undergoes a
reaction of conjugation with some toxic compounds such as, for
instance, acrylamide. It is the reason for lowering its cells
concentration. The reduction of brain and muscles GSH’s
concentration may result from its consumption caused by
reactions of free radicals created in an excessive amount after
ACR’s administration (Fig. 2). Therefore, there may be danger
of a serious oxidative-reductive imbalance (41, 42).
The organism’s oxidative capacity also depends on the content
and activity of antioxidant proteins. Preventive antioxidants guard
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not only from the forming of new ROS but also from the
beginning of the lipids peroxidation’s process. The albumins
function, among others, as proteins which connect with the freed
ions of transitions metals, such as copper or iron which in turn
contain unpaired electrons functioning as protection against free
radical reactions (36, 41). In vitro studies showed albumin protects
erythrocytes against copper ions influenced peroxidation. It is
mediated via ion binding. This prevents from the development of
hydrogen peroxide created out of hydroxyl radicals (36).
One of the effects of oxidative stress is the lipids
peroxidation process (36). Peroxidation is the oxidation process
of unsaturated fatty acids which are part of phospholipids thus,
as a consequence, the above-mentioned peroxides are created.
The main product of lipid’s peroxidation is a malondialdehyde
(MDA). The development of ROS in an organism results in
MDA’s concentration raise. Consequently, a cell membrane’s
permeability changes and mitochondrion’s oxidative
phosphorylation uncouples, which may lead to an apoptosis as a
result (42-44). Oxidation reactions related to acrylamide’s toxic
influence contribute to lipids peroxidation and to a decline of a
GSH’s concentration. A phenomena such as this may stimulate
the increase of the enzyme’s activity for cascade conversions of
arachidonic acid: cyclo-oxygenase and lipo-oxygenase. And
moreover, this also causes calcium ions influx to the cell, which
leads not only to the cell’s damage but also to the damage of its
receptors. The consequence of oxidative stress is a cytoplasmic
membrane’s depolarization, which in turn causes its raise in
permeability. It results in a potential difference’s reduction
between cell’s inside and outside environment (44, 45).
In an ADS’s structure the enzymatic system is created by
specialized enzymes which remove free radicals as well as
prevent their formation. The following enzymes can be found in
the above-mentioned group, among others: catalase, glutathione
peroxidase as well as superoxide dismutase. As a lot of research
demonstrates (46-48), acrylamide reduces the above-mentioned
enzyme’s activity which probably points to an oxidativereductive balance disorder caused by its influence.
CHARACTERISTICS OF THE CHOLINERGIC SYSTEM

The cholinergic system is a subject of wide interest due to its
role in an etiopathogenesis as well as in Alzheimer’s
pharmacotherapy. The amount of scientific research into the
cholinergic system has risen recently, mainly due to the
cholinergic agonists possible therapeutic benefits in many
neurodegenerative diseases. It has been demonstrated that in the
above-mentioned disease there is a decrease in the number of the
muscarinic and nicotinic receptors in the CNS (49, 50). The way
how many neurotoxins work is related to their influence on the
neurotransmission. Even the smallest changes in
neurotransmitters system will have a substantial influence on
brain’s bioelectric activity as well as in behavior. This is related
to the interactions between certain neurotransmitters and neurons.
Acetylcholine (ACh) is the main cholinergic system’s
transmitter. This is an acetic acid and choline’s ester. It is formed
with a participation of choline’s acetyltransferase (51). Choline
is transported with blood to the central nervous system, where it
passes to neurons through an active transportation mode. It is
synthesized in the neurons on a minimal scale. As research
demonstrates, the stronger the cholinergic activity is, the more
choline is taken from the blood via the nervous system (52).
Acetylcholine is stored in synaptic vesicles and it is released to
a synaptic space as a result of cell membrane’s depolarization.
Acetylcholine’s catabolism is caused by acetylcholinesterase
(AChE) and butyrylcholinesterase which are responsible for
hydrolysis reactions. Acetylcholinesterase is located in the central

nervous system. Its high activity is also shown in muscles.
Butyrylcholinesterase, on the other hand, can be found in tissues
and peripheral organs including the liver. The
butyrylcholinesterase’s presence has been established in glia (53).
Choline is created as a result of the above-mentioned enzyme. It
is reflexively absorbed to a neuron due to a high activity of
choline’s transporter (54). There are muscarinic and nicotinic
receptors within a cholinic system. Five types of muscarinic
receptors have been separated. They have a connection with the
G protein and they have seven heliacal transmembrane domains
(55). Depending on the mechanism of a transduction signaling,
two receptors families have been distinguished. The first group
consists of the following receptors: M1, M3, M5. They activate a
Gq protein and in this way they start a cascade of intracellular
reactions of phosphatidylinositol.
The second group consists of M2 and M4 receptors which are
connected with Gi and Go proteins. There is a blocking of cyclic
adenosine monophosphate after their activation. The abovementioned receptors often act as auto-receptors and its stimulation
blocks the release of neurotransmitters form the neurons (52).
The central nervous system consists of nicotinic receptors in
hippocampus, cortex, thalamus, hypothalamus, striatum,
cerebellum, black substance, raphe nucleus and tegmentum.
Nicotinic peripheral receptors are mainly located in skeletal
muscles, adrenal glands and autonomic ganglia (52). The
reduction in the number of nicotinic receptors in the cortex and
hippocampus can be observed when faced with neurodegenerative
diseases (54). Additionally, galantamine as an AChE’s inhibitor,
modulates the nicotinic receptor’s capabilities thereby correcting
cognitive functions (54-57). Cholinergic neurons may serve as
interneurons andmay create longer routes enabling projections to
a number of structures in CNS. The above-mentioned routes begin
in the two centers. They reach upwardly to the hypothalamus,
basic forebrain, thalamus, hippocampus, amygdala, the black
substance and tegmentum ganglia from brain stem’s center. There
are also cholinergic fibers, which descend to the cerebellum,
medulla oblongata and cranial nerve’s nucleus. It is worth
mentioning that cholinergic neurons also reach to the nucleus of
locus coeruleus. This points to some direct interactions in the
noradrenergic and cholinergic systems. The other significant
structure, out of which cholinergic neurons derive, is the basic
forebrain. The Meynert’s nucleus and septum’s central nucleus is
located there. Cholinergic fibers reach the amygdala and
hippocampus from there. It is a consistent fact, that cholinergic
fibers reach the cortex, amygdala, frontal gyrus cinguli and
olfactory bulb (57). There is a cholinergic innervation’s
impoverishment in case of cholinergic fibers degenerative process
in a prosencephalon’s nucleus. This is one of the Alzheimer’s
etiopathogenesis explaining theories. The deepening deficit of
cognitive functions correlates to the degree of cholinergic nerves
loss (58, 59).
Choline acetyltransferase is mainly located in the cystole of
cholinergic neuron terminations. However, a certain enzyme
pool is connected with some membranes of the synaptic vesicles
and cytomembranes. Such a position may be a cause of choline
synthesis after the nerve endings penetration, thus a newly
formed ACh may be immediately transported into the synaptic
vesicles (60). The ACh’s synthesis depends on the substrate
supply especially on choline (61). When choline’s blood levels
increases, the ACh’s level off and release extending equally.
There are two similar brain systems which transport choline
via cytomembranes. Almost half of the choline which was used
to synthesis of ACh, comes out of a disintegrated ACh which
was released to a synaptic gap (62, 63).
The main source of an acetyl-coenzyme A (acetyl-CoA),
which is indispensable to ACh, synthesis is acetyl-CoA being
produced in mitochondria out of pyruvate during a reaction
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immediately after its cholinergic endings secretion via AChE
(E.C.3.l.l.7.) also known as a specific or true choline’s esterase
(68). It is one of the most active enzymes as well as a stable and
a multiform compound. There are a few AChE’s forms known,
these are globular as well as asymmetric forms. There are only
globular forms in a tetrametric form occurring in the brain (69).
Neurons, which synthesize AChE capable of its secretion, on
which speed depends on many factors (mainly on
neurotransmitter’s concentration change in a synaptic gap as
well as on pharmacological products). The sudden AChE’s rise
within a neuron’s vicinity may occur during that time. The
secreted AChE may hydrolyze diffusing in intercellular space
ACh is much more effective in comparison with the one
connected with the membranes (68). Different AChE’s forms
have similar catalictic properties even though they differ in
properties and structure. Acetylcholinesterase is particularly
responsive to organophosphorus compounds (irreversible
inhibitors) and other inhibitors (reversible inhibitors), within
permanent bonds (70). AChE’s activity is suppressed by the
substrate’s excess. There is an ACh pool’s enhancement after the
blocking of AChE’s activity.
Acetylcholinesterase also occurs in the brain’s spheres
without cholinergic innervation. It may be indicative of its broad
spectrum of activity. There was research conducted into the
confirmation ofits function in the adhesion and morphogenesis
processes (62).
Esterase acetylcholine hydrolysis acetylcholine into an
acetic acid. This esterase breaks down only ACh. It can be found
in the peripheral and the CNS, in erythrocytes, marrow, the
spleen and lymph nodes (71). AChE by means of an immediate
ACh’s break down doesn’t lead to its excessive collecting in
synaptic gaps because this might cause disturbances in the
correct functioning of an organism (67). ACh can be found in an

catalyzed by pyruvate dehydrogenases (60). Due to various
pathogenic factors, acetyl-CoA’s delivery disturbance may
occur, where acetyl-CoA is used not only to enable energy’s
production and structural lipid’s synthesis, but also to aid ACh’s
production. This is the common cause of a selective cholinergic
neurons’ degeneration (64). ACh has two active centers in its
structure, enabling a connection with receptors, in other words,
quaternary, alkaline nitrogen atom and an ester linkage. It has the
ability to take different conformational forms which contributes
to nicotinic and muscarinic receptor stimulation. ACh exists in a
synclinal form which is energetically constant as and in an
elongated form which is less permanent (65). Most of the ACh’s
effects in the brain occur as a result of numerous muscarinic
receptors stimulation. Neuronal nicotinic acetylcholine receptors
(nAChR) are characterized by some specific pharmacological
characteristics. The chronic agonist’s (nicotine) activity causes
the doubling of its density (61). This receptor is a subject to
some adaptive changes which lead to the sustaining of a
transmission, thus avoiding the results of an AChR’s
desensitization, which occurs as a result of a chronic exposition
to agonist’s activity. Receptors are inactive even though they are
in greater numbers or in other words, cations do not pass through
the receptor’s canal (66). There are also presynaptic nAChR
receptors varying widely in subunits composition. They increase
the release of neurotransmitters form nerve endings. This release
is dependent on Ca2+ ions (67).
THE BIOSYNTHESIS, THE RELEASE AND THE
DEGENERATION OF ACETYLCHOLINESTERASE

Acetylcholine’s activity comes to an end in the time of its
enzymatic disintegration in an intercellular space. It happens
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Cholinergic
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Postsynaptic cell

Acetate
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Fig. 3. The effect of acrylamide on the cholinergic
synapse function (78, 79).
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excessive concentration in all the places where ACh plays the
role of a nervous transmitter. Choline is reabsorbed into a
presynaptic part on the principle of an active transport which
requires the presence of sodium ions. Its function is to
resynthesize ACh again. Acetylcholine’s small amount diffuses
outside synapses. It is also is being decomposed there via
cholinesterase’s plasma, a soluble enzyme which can be found
mainly in a blood serum as well as in liver cells (65).
Based on the acrylamide’s acute toxicity, research results in
the animal models have concluded that regardless of the intake
route, ACR caused neurotoxic symptoms. Above-mentioned
symptoms consisted of coordination abnormalities as well as
back legs weakening and paralysis (72-74). The histopathologic
research has mainly shown axons and Schwann’s cells
degeneration in peripheral nerves as well as in the spinal cord.
The NOEL’s acute neurotoxicity value for rats was establish
around the level of 0.5 mg/kg b.w./per day (46, 75). Johnson’s
investigations (76), in which rats were fed with F 344 for two
years and with acrylamide in water demonstrated acrylamide is
a carcinogenic substance. The raise in the number of thyroids,
nuclei, adrenal cancers in rats was demonstrated after the
administration of 0.5 mg/kg dose per b.w. per day (77).
Kopanska et al. (78, 79) demonstrated some significant
changes in ACh’s activity in mice brain and the muscles. It
appears that AChE’s activity, which is an enzyme connected to
cholinergic transformation, may be an important determinant of
ACR’s neurotoxic properties (Fig. 3).
Cholinergic nerves are involved in many of the brain’s
functions among others memory, emotions stress reactions, a
control of movement system as well as of basic organism’s
functions. Cholinergic synapses are located in all preganglionic

automotive fibers, also in some parasympathetic fibers that lie
behind (69). The autonomic nervous system consists of nerves,
ganglia and plexus which innervate heart, blood vessels, glands
and also fibroids in different tissues. The sympathetic nervous
system, due to its functions, increases the heart rate and the blood
pressure switching the blood flow from visceral area and skin to
skeletal muscles whereas the parasympathetic system reduces the
heart rate, lowers the blood pressure and among others affects
small intestine’s muscles and facilitates the absorption of
nutrients (80). Cholinergic nerve functions are closely related
with two chemical compounds, which are ACh and AChE.
Acetylcholinesterase’s activity is adjusted to the level of the
synaptic gap released ACh. Studies have shown that changes in
an AChE’s activity influenced a rate of an ACh’s hydrolise and
thus modifies a cholinergic synapses conduction (81). It has been
demonstrated that ACR’s blocks an axonal transport through
microtubule’s binding (30). It has recently been demonstrated
that ACR’s shows a neurotoxic activity through a binding with
rich in cysteine receptor’s proteins which in turn take part in a
presynaptic release of a neurotransmitter (a component sensitive
to N-ethylmaleimide), membranous reuptake (membranous
dopamine’s transporter) and vesicular neuroconduction (vesicular
moanine’s transporter). Additionally, it has been shown that
dopamine levels increase significantly in response to ACR’s
intoxication in rat striatum (82). It causes a disturbance of
neuroconductions and nerve function which ultimately leads to
morphological changes such as for example axons swelling and
biochemical changes such as a Na+/K+-ATPase’s activity
disturbance or visible neurotoxicity (28, 83). There is ample
evidence of acrylamide acting directly on peripheral nerves and
causing structural damage and functional changes. The

Table 3. Examples ofEneurotoxic effects of acrylamide in rodent.
i.p., intraperitoneal injection.
Model

Rats

Rats

Rats

Rats

Rats
Rats
Mice

Dosage

oral: 25 – 100 mg/kg AT
various intervals or mixed with
the diet in concentrations of 100
– 400 p.p.m.

Effect

A fine tremor with a single doses of
acrylamide. In subacute poisoning (one or
two weeks) the distended bladder AT
necropsy. Ataxia with difficulty in
controlling the limbs after dosage adjustment
to give a milder and more slowly developing
lesion.
i.p.: (50 mg/kg b.w./day × 5 for
A significant disturbance of subcellular
10 days) or
element and water distribution in tibia nerve
oral: (2.8 mM in drinking water Schwann cells and myelin regardless of the
for 15, 22, 30 for 60 days)
route of acrylamide exposition.
oral: 0.05; 0.2; 1; 5; or 20 mg/kg After top dose of acrylamide: decrease of
b.w./day in drinking water for up cholinesterase activity. The peripheral nerve
to 93 days
with severe degeneration characterized by
demyelinization and axonal loss. Slight spinal
cord degeneration. Distended urinary
bladders, atrophy of skeletal muscle and
testicular atrophy as a secondary effect of the
nerve degeneration.
i.p.: injection (50 mg/kg
Ataxia, splayed hind limbs (regardless of
b.w./day for 11 days) or
dose-rat).
oral: (21 mg/kg b.w./day for 40
days)
i.p.:1, 4, 12 mg/kg b.w. in 5
Axonal degeneration in peripheral nerves and
days/week for 13 weeks
within long tracts of the spinal cord
oral: 5, 15, and 30 mg/kg b.w.
Abnormal gait and neuronal morphology at
for 4 weeks
high-dose acrylamide groups.
i.p.: 20 and 40 mg/kg b.w. for up Decrease of acetylcholinestarese activity.
to 8 days
Promotion of oxidativestress.
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ultrastructure’s damage (e.g. formation of grave disturbances in
the function of a cell membrane) and functional changes (e.g.
reduced release of neurotransmitters) suggest acrylamide distorts
a fusion of synaptic vesicles (29, 84). The link between the
presynaptic membrane and the synaptic vesicle is a foundation of
neurophysiological processes and is key inthe process of building
axonal endings and neurotransmitters releasing. Acrylamide
disrupts the connections between membranes and hence has a
toxic influence on the fusion of synaptic vesicles and the
membrane of a presynaptic element, it also causes a degeneration
of peripheral nerves thus reducing a neurotransmission (30).
Many factors which might influence an AChE’s activity
have been discovered so far. They are, among other, skainic
acid, alcohol, pesticides, many drugs and free radicals (81, 85,
86). The characteristic of ACR’s exposure is an axon’s
degeneration in the central and peripheral nervous system (87).
The peripheral neuropathy and the creation of the hemoglobin’s
addictive are symptoms which were observed both in humans
who had occupational ACR contact, and in lab animals which
were fed intraperitoneally or via ingestion (88). Kopanska et al.
(78, 79) research shows ACR as a toxin has a significant
influence on mice brain and muscle AChE’s activity. This
compound blocked AChE’s activity. Data on ACR’s influence
on AChE’s activity in cholinergic neurons are few and
inconclusive in spite of some intensive research related to an
ACR’s neurotoxicity. Pennisi et al. (47) have concluded ACR
increases AChE’s activity in peripheral cholinergic neurons.
Other studies have demonstrated that people who had been
exposed to ACR, showed symptoms of neuropathy in the
peripheral nerves. Symptoms of these were: muscle weakness,
asthenia, fluctuating stimuli sensitivity or limb tingling. Rat’s
four weeks ACR’s exposition caused a complete paralysis of the
back limbs because of neurotransmission disturbance (87, 88).
It seems there are a few mechanisms intermediating in an
ACR’s influence on cholinergic synapses. Due to a
biotransformation, ACR is partially oxidized to 2,3epoxypropionamide which is also known as glycidamide. Both
glycidamide and ACR constitute the DNA’s adducitives (89)
and react with compounds which have-SH, -NH 2 or -OH
groups in their structure (25). As a consequence, both
substances take part in the modification of a genetic expression,
mutation’s induction and in disturbances of cell’s energy
transfers (90-94). One of the most significant mechanisms of
ACR’s neurotoxic activity is the addictive forming out of the
protein’s thiol groups, which play a decisive role in the
neurotransmitter’s release regulation. Due to a docking,
synaptic vesicles place themselves in the area of an active
sphere. Soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE),which belong to the trans
membranes proteins family and which take part in recognizing
and fusion of follicles and cell membranes, also take part in this
mechanism (95). Synaptobrewin (v-SNARE), or a protein
connected to a synaptic vesicle binds with presynaptic
membranous protein, syntaxin (t-SNARE) which is closely
connected to a voltage related calcium channel. The abovementioned proteins provide an optimal location of the synaptic
vesicle in relation to the place where the calcium signal occurs.
Both of these proteins, in connection with a third SNAP-25
protein, which mainly takes part in the docking process, are
targeted by toxins which are strong inhibitors of
neurotransmitter’s release processes (96-98). The described
mechanism covers both a neurotransmitter’s release to a
synaptic gap and a presynaptic capture of this neurotransmitter
(33). Defects related to an ACR’s presence in the central and
peripheral nervous system, therefore might be caused by a
handicapof neurotransmission (33). The following research
confirms ACR reacts with cysteine’s residuum which can be

found in presynaptic membranes of proteins. Its toxicity
depends on a given protein’s role in the neurotransmission
process (33) (Table 3).
Brain and peripheral structures are particularly exposed to an
oxidative stress (43). The consequence of an oxidative stress
with flawed repair mechanisms of a cell is cell membranes
oxidation, a change in structures and thus the protein’s function
modification, which in turn leads to DNA damage (99, 100). The
damage of enzymatic protein’s particles is a consequence of an
activity of reactive oxygen forms. It leads to both structural and
biological activity changes. The oxidative modification of
proteins depends both on the amino acid’s residues and a
prosthetic group modification (101). The entire protein parts get
fragmentarised as well (101). There is data that exist about the
influence of free radicals on the blocking of an AChE’s activity.
This effect was observed both in the brain and in peripheral
cholinergic neurons (102, 103). The oxidative stress is a very
important factor in a pathogenesis ofthe nervous system’s
neurodegenerative diseases. Both ACR and glicydamide raise a
production of oxygen’s reactive forms and disturb a nervous
system’s redox balance (41). ROS are extremely toxic to nerve
cells due to their activity on the neurolema’s polyunsaturated
fatty acids (104). The free radical’s attack causes a decline in the
neurolemma’s liquidity which also leads to damage in the insides
of the nerve cells, which can be seen as lipids and proteins
oxidation, a damage to both the cell nucleus and mitochondria,
Na/K-ATP-ase’s inhibition, ion’s transport impairment (105).
The disturbance of cholinergic neurons activity is observed in
neurodegenerative maladies such as Alzheimer’s and
Parkinson’s diseases. The direct cause of an Alzheimer’s disease
is two amyloid β-proteins deposition in the brain which builds up
in diffusion and neurotic plates and MAP as a form of
neurofilaments. There is a permanent and progressive damage of
the cholinergic system and a continuous decline in an
acetylcholine release (61, 66). The cholinergic system plays a
vital role in learning and memory, where Alzheimer’s disease is
directly connected with a disfunction of the cholinergic system
(11). Acetylcholinesterase exhibits a peptidase’s activity which
is extremely important in Alzheimer’s pathogenesis. Thanks to a
peptidase’s activity, AChE breaks down an amyloid’s precursor
protein in a place which is not amyloidogenic (12-14). There is
a similar phenomenon observed in the case of elderly people
(69). It has been recently suggested that the pure protein of
AChE’s enzyme may induce neurological changes in
Alzheimer’s disease. It has been concluded AChE β-amyloid
complex is much more toxic in comparison with amyloid and it
causes greater neurological changes while a pure AChE causes
the creation of amyloid due to the heightened expression of the
protein’s precursor in glial cells (15). AChE also plays a direct
role in the causing of apoptosis in nerve cells (62). The
acetylcholinesterase’s activity disturbances may have a direct
connection with Parkinson’s pathogenesis for there is not only an
AChE’s activity decline observed in 30% of the sick population,
but also some quantitative changes of certain particle forms are
being observed. In connection with the above-mentioned facts, it
seems accurate to state that acrylamide may be a significant
factor in a pathogenesis of neurodegenerative diseases.

Concluding remarks

Many researchers have extensively studied the various aspects
of neurotoxic effects on the central and peripheral nervous system.
Wyrembek et al. (106) have investigated that the
neurodevelopmental disorders in children arising from different
microelements such as mercurials evoking electrophysiological
changes in excitatory and inhibitory neurons and neurotransmitters
including GABA and NMDA receptors as determined in cultured
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neurons with the mode of neuronal action. In another interesting
research paper about the ACR toxicity, guinea pigs were treated
prenatally with ACR which affected the intestinal structure
elements and perhaps, would influence the physiology of intestinal
digestion in later ages of these animals (107).
In 2002, SFA concluded, there are products with an
exceptionally high ACR’s content. It was a starting point
towards new research into an above-mentioned substance. This
is a very well-known fact that the group of ACR products
consists of among others those products which were heat treated
(108). ACR’s average consumption in adults equals 0.5 mg/kg of
body weight (109-111). Children’s average consumption equals
roughly around 0.6 mg/kg. This stems from the fact that children
have lower body weight, and therefore they intake a greater
ACR’s dose calculated on 1 kg/b.w. Furthermore, there are
products ‘rich’ in the substance such as French fries and potato
chips which are eaten more often in this younger age group
among others. A survey results by Larsson et al. (112) estimated
that an average daily adult’s consumption of acrylamide equals
36.1 µg, whereas the main acrylamide's sources were coffee
(23%), whole wheat bread (17%), crispbread (8%), white bread
(7%), cakes/buns (7%), waffels/crackers/rusks (6%), cereal
(6%), fried potatoes (6%).
It is also important that exposure to acrylamide is not only
via diet. People working on the construction sites where ACR
and N-methylacrylamide’s derivative is used (112) or people
employed to produce polyacrylamide as well as people working
in biomedical labs are also being exposed to the compound’s
toxicity (114, 115). Occupational hazard may lead to symptoms
of a peripheral neuropathy which is evidence of ACR’s high
dose intake (84). Based on studies which were carried out on lab
animals, it has been concluded ACR damages cells both in the
nervous and reproductive systems, furthermore it contributes to
the occurrence of cancer in hormone-dependent tissues (116,
117). Research results point to neurotoxic (32, 118), genotoxic
(119, 120) and carcinogenic (121-123) ACR’s influences,
regardless of the way it enters a human organism. Until now, we
focused on the effect of ACR on the cholinergic system. In the
nearest future, we want to expand our research and open a
unique approach to studying the interaction between toxic
effects of ACR on blood-brain barrier modification.
Conflict of interests: None declared.
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